Terrestrial laser scanning (TLS) provides a valuable tool for the retrieval of detailed individual-tree structural parameters, but has never previously been applied to young stands under field conditions. & Aims The aim was to explore the performance of TLS in a young tree plantation located in a heterogeneous environment in subtropical China. & Methods We investigated 438 young trees for congruence between direct field and TLS measurements of total tree height, stem diameter at ground height, and length and height of the longest branch using correlation tests. We applied generalized linear models to examine whether congruence was affected by the observed structural parameter or extrinsic factors (e.g., potential occlusion, point cloud quality). & Results TLS made it possible to detect trees higher than 40 cm. The TLS-retrieved data were highly congruent with the data obtained from direct measurements. The poor descriptions of stems and branches of some individuals of small-sized and leaf-on tree species were due to occlusion by ground vegetation and leaf-on branches. Observed structural parameter and extrinsic factors did not explain the variance between the two approaches. & Conclusion TLS proved to be a promising tool for highresolution, non-destructive analyses of tree dendrometrics in young regenerating plantations.
Introduction
Competition for light is broadly recognized as a key factor determining plant growth. In trees, these interactions lead primarily to morphological responses of the crown (Grams and Anderson 2007) , because crown dimensions and crown architecture strongly determine the individual's ability to intercept light and to shade neighboring trees (Brisson 2001) . Although the expression of crown traits in individual trees is constrained by genetic and mechanical properties, individuals may show plastic responses within certain thresholds as a reaction to local neighborhood interactions or, more generally, to local environmental conditions. Crown responses to these conditions are the aggregate effect of the differential spatial development of single branches (Stoll and Schmid 1998; Sumida et al. 2002) . Therefore, detailed information on branching patterns and the growth and mortality of single branches of individual trees as well as on local site conditions are needed to explain and model the spatiotemporal development of crowns (Pretzsch et al. 2011) . To obtain this information by direct field measurement is, however, challenging and time-consuming, and thus costly (Fleck et al. 2011) . In recent years, technically intensive high-resolution inventory tools have been used to acquire individual-tree data.
Airborne laser scanning (ALS) techniques have been successfully applied in determining canopy structure (Vehmas et al. 2011 ) and measuring essential parameters of individual-tree crown characteristics, such as crown base height, crown area and crown volume (Jung et al. 2011) . Compared to field measurements, ALS slightly underestimates tree parameters (Zimble et al. 2003) . More importantly, ALS is largely restricted to the top canopy layer, whereas the elements in the lower canopy are recorded in less detail due to signal occlusion by upper canopy elements (Hilker et al. 2010; Jung et al. 2011) . Furthermore, ALS has some constraints in terms of the fine-scale spatial resolution (in the order of millimeters or a few centimeters) of structural elements (van Leeuwen and Nieuwenhuis 2010) .
Terrestrial laser scanning (TLS) has now been established as an alternative approach for measurement of three-dimensional (3D) structural elements of trees (Fleck et al. 2011; Jung et al. 2011; Schilling et al. 2012) . TLS is a light detection and ranging (LiDAR) system capable of acquiring 3D structural high-resolution information with a level of detail that is considerably higher than ALS (Lichti et al. 2002) . Up to now, TLS has mainly been applied in forest science to analyze standard tree and stand dendrometrics such as stem diameter, tree height, stem position, tree density, basal area and trunk volume (Hopkinson et al. 2004; Dassot et al. 2011) . Recently, the use of TLS has been intensified to analyze 3D tree topology, canopy and individual-tree crown structure as well as the wood volume of branches (Bucksch et al. 2010; Dassot et al. 2011 Dassot et al. , 2012 Schilling et al. 2012) . However, as the main interest when conducting forest inventories is in the wood volume of adult trees, TLS applications have focused almost exclusively on adult trees or mature stands. A central task of forest science and forest ecology, however, is the analysis of growth dynamics in the regeneration phase. This phase is often characterized by a high tree density, but also by a mixture of various tree species, and, thus, intensive and complex tree-tree interactions. The processes operating in this early phase of stand development are essential for the future forest structure and composition (Kobe 2006) , and hence, it is vital to understand the underlying mechanisms of tree-tree interactions. TLS offers the opportunity to conduct rapid, non-destructive, accurate and extensive measurements of a large number of individual trees over time in order to analyze tree growth dynamics in general, but in particular to investigate the spatial development of crowns in detail (Dassot et al. 2011 ). To our knowledge, however, the feasibility of TLS to determine growth parameters of young trees under field conditions has never been explored before. We are aware of only one study which applied TLS to investigate juvenile trees, albeit under controlled conditions; this study analyzed 6-year-old beech (Fagus sylvatica) trees planted individually in buckets and kept under a roof in an experimental botanical garden (Seidel et al. 2011a ). Several specific challenges are associated with the application of TLS for smaller trees or younger stands: (1) the dimension of the main wood components (i.e., trunk and the first-and secondorder branches) may be too small to be resolved at high quality by the laser scanner; (2) the structural density is higher than in adult trees or mature stands, potentially resulting in a relatively high level of occlusion (Dassot et al. 2011) ; (3) the ground layer vegetation may occlude a substantial part of the individual trees; (4) adverse impact of mild to moderate wind on scan quality is largely restricted to the smallest tree constituents (Côté et al. 2011) , which make up a relatively high proportion of young trees' structure.
The aim of our study is to explore the performance of TLS in a young experimental tree plantation in a heterogeneous environment by comparing TLS-derived tree structural data with those obtained by direct field measurements. We conducted the study in the framework of the BEF-China project (BEF: Biodiversity and Ecosystem Functioning). BEF-China is a new forest BEF experiment that was established in subtropical China from 2009 to 2010 (Yang et al. 2013; Bruelheide et al. 2014) . A pool of 40 native tree species was planted on 566 plots and a net area of 38.4 ha. Species richness and composition were experimentally manipulated to study their effects on a range of ecosystem functions, including primary productivity, carbon and nutrient cycling, and soil processes. Conventional inventories are conducted annually to study the effect of local environmental conditions such as size and species identity of neighboring trees or slope inclination on individual-tree growth and crown dynamics. Here, we compare the performance of the two approaches, direct field measurements by inventory teams and TLS measurements, to determine the four individual-tree structural parameters total tree height, stem diameter at ground height, length of the longest branch and height of the longest branch.
Specifically, we tested three hypotheses in this study:
(H1) TLS-derived data are highly congruent with field measurement data. (H2) Congruence of data varies with the observed structural parameter, decreasing in the order: total height>stem diameter>length the longest branch> height of the longest branch. (H3) Variance of direct field and TLS measurement data can mainly be explained by extrinsic factors (e.g. potential occlusion, point cloud quality).
Material and methods

Study site
The study site is located in a hilly subtropical region near Xingangshan Township, Jiangxi .93 E), China. The mean annual temperature is 16.7°C and the mean annual precipitation 1,821 mm. The potential natural vegetation of this region is subtropical broadleaved forest with evergreen species dominating in abundance (Bruelheide et al. 2011) . Each of the 556 plots in the BEFChina experiment has a projected area of 666.7 m 2 (25.8× 25.8 m) and was planted with 400 tree saplings (20×20) in 2009 and 2010, resulting in a total of 219,200 trees (detailed descriptions of the experimental design are given by Yang et al. 2013; Bruelheide et al. 2014) . The horizontal planting space is 1.29 m, resulting in a stem density of 6,000 trees ha −1 . The plot tree species richness levels are 1, 2, 4, 8, 16, and 24. To maintain the designed plot compositions, herbaceous and non-planted woody species are mechanically removed from all plots in weeding campaigns conducted twice a year.
Due to the large number of trees planted in the experiment, the direct annual measurements are focused on trees within the central part of every plot. In monocultures and 2-species mixtures the central 6×6 planting positions (i.e., 36 trees per plot), and in the 4-, 8-, 16-and 24-species mixtures the central 12×12 planting positions (i.e., 144 trees per plot) are sampled. For TLS, 14 plots were selected according to the following criteria: (1) monoculture or 2-species mixture; (2) high proportion of trees larger than 1 m high; (3) high proportion of living trees in the planting positions; (4) only deciduous broad-leaved tree species or at least one out of two tree species deciduous. A total of nine tree species were recorded from the 14 plots: Choerospondias axillaris (Roxburgh) Burtt et Hill, Diospyros japonica Siebold et Zuccarini, Liquidambar formosana Hance, Nyssa sinensis Oliver, Sapindus saponaria Linnaeus, Triadica cochinchinensis Loureiro, Triadica sebifera (L.) Small, Schima superba Gardner and Champion, Rhus chinensis Miller. All the recorded tree species are deciduous broad-leaved, with the exception of S. superba, which is an evergreen broad-leaved species.
Data collection
Direct field measurement
The direct annual field measurements were conducted at the end of the growing season from the middle of September until the end of October. Trees were surveyed under leaf-on conditions for the deciduous trees in order to measure the crown dimensions. The whole inventory was conducted by ten trained teams consisting of two persons each (hereafter inventory teams). In this study, we use the inventory data of the selected 14 plots that were recorded by seven inventory teams in September/October 2011. Each tree in the experiment is tagged with a unique numeric code. For every living tree in the total of 504 planting positions, the total tree height and the stem diameter at 5 cm above ground (hereafter ground diameter (GD)) were determined. GD was measured instead of diameter at breast height (DBH) because of the young age of the trees. Total height was measured as the length from the stem base to the apical meristem with a measuring pole. GD was measured with a caliper to the nearest millimeter without prescribed measuring direction, and the position of the diameter measurement was permanently marked on the stem with white paint. We also measured the length and the height of the longest branch with a measuring tape and counted the number of living first-order branches (>1 cm in length) of every tree. The length of the longest branch was measured as the straight distance between the branch collar and the branch apical meristem. A summary of tree structural parameters is presented in Table 1 .
TLS data acquisition
In the selected 14 plots, TLS was conducted in March 2012 under leaf-off conditions of the deciduous trees. The scans were performed with a phase-shift FARO Laser Scanner Photon 120 (FARO Technologies, Inc., FL, USA). The vertical field-of-view of each panorama scan is 310°and the horizontal is 360°. The scanner resolution was set at ¼, corresponding to an angular resolution of 0.036°and a spatial resolution of 6.283 mm at a distance of 10 m from the device. The data acquisition rate was 244,000 points per second. Further details on technical specifications and the experimental settings are presented in Table 2 . One scan with the aforementioned configuration took about 3:24 min. The laser scanner was positioned on a tripod at a height of about 1.3 m. Due to the intrinsic characteristics of the laser device and the geometric measurement pattern, the 3D point density varied along the distance from scanner to object, and spatial information on the surface of vegetative elements located behind another object is not available due to occlusion (for more details see van der Zande et al. 2006) . In order to obtain a complete 3D picture of all focal trees in each plot, several scans from different angles are required (Watt and Donoghue 2005) . Due to the schematic planting pattern of the trees, we were able to make use of a standardized set-up of scan positions comprising nine scans evenly positioned on the plot (Fig. 1) . To co-register the point clouds from the nine scans (see below), artificial and highly reflective reference targets (ten polystyrene spheres, each with a radius of 7 cm and three sheet metal checkerboards each with 42×46 cm edge lengths) were placed within and around the sampling area (Fig. 1) . The TLS was conducted in March in order to minimize adverse impacts from high air humidity and wind as well as to avoid the occlusion from deciduous tree foliage and from high understory vegetation. During that time, air humidity is relatively low, and the scans were performed under windless conditions or at very low wind velocity. The time lag between the direct field measurements and TLS could introduce a systematic bias. Because the deciduous trees were in winter dormancy and the evergreen trees only show a very small increment between October and April (unpublished data), we assume that deviations caused by the time lag are largely restricted to a few trees where branch or stem breakage might have occurred during winter.
TLS data processing and extraction
The co-registration of the point clouds from nine scans within each plot was carried out with FARO Scene (V. 5.0.1) in order to yield a complete 3D representation for each plot (Fig. 2a) . The artificial reference targets were automatically identified by FARO Scene to enable positioning of each individual scan. Each point of the 3D picture is characterized by an XYZ coordinate. To enhance the point cloud quality of focal trees, outliers and points with low reflection intensity were removed by a set of predefined standard filters. As a process of segmentation, we used the software Pointools Edit (V. 1.5) to isolate the focal trees manually from all laser pulse returns that were extraneous to the focal trees (i.e. surrounding vegetation and soil) (Fig. 2b) . Independently of data measured directly in the field, TLS measurements of total tree height, GD as well as length and height of the longest branch were made manually with Pointools Edit. The built-in navigation allowed an easy and quick visual identification of the focal trees and relatively quick measurements of the tree parameters. Total height was determined by averaging two measurements of the lengths from the point representing stem base to the endpoint of the highest crown. For GD measurement (Fig. 3) , the stem crosssection was taken manually at the position marked with white paint, or 5 cm above ground if the mark was absent or not detected due to occlusion. The maximum diameter and its orthogonal were visually determined and manually measured with the tool "distance measure". GD was calculated as the average of these two measurements. Additionally, to examine whether the congruence of GD measurements varies according to the point cloud quality of the cross-sections, we introduced three quality classes, namely class 0, class 1, and class 2. Cross-sections with incomplete contours were classified as class 0; those with a complete contour but without white paint mark were categorized as class 1; those with both complete contour and white paint mark were grouped into class 2. The longest branch was first identified from different view angles. The length of the detected longest branch was measured as the length between the branch collar and the endpoint of the branch. The length between the stem base and the branch collar was measured as the height of the longest branch. An overview of the numbers of measured individual trees per tree structural parameter for direct field and point cloud measurement is presented in Table 3 .
Data analysis
We used correlation analyses to compare TLS-retrieved data with the field-measured data. Pearson correlations were applied for normally distributed data (total tree height and GD), whereas Spearman rank correlations were used for nonnormally distributed data (length and height of the longest branch). Root-mean-square error (RMSE) was calculated to obtain the standard deviation of TLS-retrieved data from field measured data. We implemented generalized linear models (GLM) with binomial family to test whether the proportional deviation of the TLS data from inventory data was dependent on extrinsic factors, including potential occlusion (sum of GDs of the focal tree's nearest neighbors, sum of all GDs on plot level), inventory team, point cloud quality of GDs, the structural parameters of the focal trees (total height and Fig. 2 Three-dimensional (3D) point cloud scene of one plot and an isolated tree Fig. 3 Manual extraction of the stem cross-section 5 cm above ground, and visual determination and manual measurement using the Pointools tool "distance measure" of the maximum diameter and its orthogonal of the stem cross-section number of branches), as well as species identity. All factors were scaled in order to make the model estimates comparable. GD data was transformed by multiplying it by 10. Data for length and height of the longest branch were square-roottransformed. Each tree structural parameter was tested against each selected factor except GD point cloud quality. Only GD was tested against the point cloud quality. For GLM with a categorical predictor, an ANOVA (using type "III" to cope for the unbalanced level proportions) was applied to test whether the variance was significantly different among the levels of one factor. Statistical analyses were conducted in R 3.0.1 (R Development Core Team). Package hydroGOF was used for calculating RMSE. The deviance percentage obtained from the chi-square test was calculated using package BiodiversityR for the proportion of the explained variance by one specific factor. Package car was used for analyzing the type "III" ANOVA.
Results
According to the direct field measurements, 438 living trees were present in the total of 504 surveyed planting positions. Of these, seven trees were branchless (Table 3) . TLS data successfully detected 431 trees. For all of these trees, the total height was measured in the point clouds, GD measurements were conducted for 391 trees, and the length and the height of the longest branch was determined for 408 trees (Table 3) . The correlation coefficients between direct field and TLS measurements for total tree height, GD and length of the longest branch were very high (r≥0.95***), whereas that for the height of the longest branch was fairly high (r=0.81***; Fig. 4) . In height measurements, a higher proportion of comparisons showed larger values in the direct field measurements than in the TLS measurements (points below the equality line in Fig. 4a ), but the absolute divergence was almost always small. Most of the outliers, however, occurred above the equality line and concerned larger tree heights (>250 cm). In GD measurements, points were equally distributed above and below the equality line (Fig. 4b) . A somewhat larger divergence between the measurement results was seen mostly for smaller values in the direct field than in TLS measurements (points above the equality line in Fig. 4b ). The comparison of the measurements of the length of the longest branch revealed a larger number of points below the equality line, but outliers were exclusively observed above the line (i.e., value direct field measurement<TLS measurement; Fig. 4c ). The distribution of the points for the height of the longest branch was relatively scattered, with several extreme outliers below the line (Fig. 4d) .
As Table 4 shows, the variance of direct field and TLS measurements for total tree height was influenced slightly by the sum of the GD on both the local neighborhood level (estimate = 0.01) and the plot level (estimate = 0.02). Furthermore, the variance differed significantly between inventory teams and tree species. The variance of GD measurements was only significantly related to the focal tree's height (estimate=0.03), however, with an overall low explained variance (r=3.13 %). None of the factors included in the GLM contributed to the explanation of the two measurement approaches regarding the two tree structural parameters length and height of the longest branch.
Discussion
In the selected 14 plots, the survival rate of planted trees was 87 %, which corresponds exactly to the overall survival rate of planted trees in the entire BEF-China experiment during the census interval April 2009 to June 2010 (Yang et al. 2013 ). The TLS data successfully detected more than 98 % of the living trees. All seven trees that were not found in the point clouds were small, with a total height below 40 cm and a GD below 0.8 cm. Although the experimental plots were regularly weeded, and although most of the herbaceous vegetation retreats during the winter months, a tree height of 40 cm seems to be the minimum size that is required for tree detection and height measurements with the TLS set-up used in this study. For about 10 % of the TLS-detected trees, the GD could not be determined from TLS data. This was mainly due to occlusion of the stems caused by ground layer vegetation as well as other planted trees that were positioned between the laser scanner and the focal tree. Furthermore, in the only evergreen tree species, S. superba, leaved branches often reached down to low heights and occluded the stem at ground height. As a result, fragments with less than half of the cross-section contour appeared at ground height, and these trees were excluded from GD measurements. In a few cases, numerous fuzzy points occurred in the cross-section preventing a clear delineation of the stem surface. However, this was restricted to the smallest trees that were surrounded by herbaceous vegetation. Finally, in 19 trees, it was not possible to identify the longest branch. Most of these trees were S. superba, reinforcing the advantages of leaf-off compared to leaf-on conditions for enhancing the level of accuracy in detailed TLS measurements (Henning and Radtke 2006; Maas et al. 2008) .
As expected (H1), TLS-derived data were highly congruent with data from direct field measurements. Generally, conventional measurements of height are more prone to measuring inaccuracies than those of the stem diameter (Pretzsch 2009 ). In our study, however, tree height data obtained by TLS approximated field-collected data even more closely than GD data. We suppose that the main reason is that the total height of the trees measured in this study still allowed for accurate direct height measurements with a measuring pole, whereas heights of larger trees (>6 m) have to be obtained by optical or laser tools such as a hypsometer. For time reasons, only one stem diameter measurement with a caliper was done in the field, which may cause inaccuracies in the case of noncircular stem cross-sections (see below).
On average, TLS tended to slightly underestimate total tree height and length of the longest branch. One reason for this might be that the direct field measurements were carried out under leaf-on conditions, whereas TLS was done under leaf- Fig. 4 Comparison between direct field measurement and terrestrial laser scanning (TLS) measurements for a total tree height, b stem diameter at ground height (ground diameter), c length of the longest branch, and d height of the longest branch. The correlation coefficient (r) and the root-mean-square-root error (RMSE) of the two measurements are 0.98 and 20.56 cm for total tree height, 0.95 and 0.52 cm for GD, 0.95 and 34.25 cm for length of the longest branch, and 0.81 and 38.12 cm for height of the longest branch, respectively. All correlations are truly correlated and significantly not equal to 0 (Pr<0.001) Table 4 Results of generalized linear models (GLM) for the comparison of data on four tree structural parameters derived from direct field measurements and terrestrial laser scanning (TLS) measurements (given as estimates, i.e., the percentage of the variance explained) off conditions for the deciduous trees. Some of the tree species have long leaves (15 to 40 cm), and some of the direct height or length measurements in autumn might have been erroneously carried out up to the highest leaf tip instead of to the highest apical meristem (cf. Wezyk et al. 2007 ). Furthermore, the spatial position of the tips of the highest branch in the tree crown and of the longest branch may differ under leaf-on and leaf-off conditions. In addition, these tips belong to the smallest tree constituents. They may be most sensitive to movements due to wind. They likely have a relatively low number of data points or could be occluded by other branches (Fig. 5 ; Côté et al. 2012; Schilling et al. 2012) . Finally, the lowest point of each isolated focal tree was assumed to represent the stem base. However, the stem base could have been occluded by other objects (Fig. 5) , resulting in a starting point for the TLS height measurements that was positioned above the stem base. Most of the outliers, however, indicated that TLS overestimated the height of trees which were larger than 250 cm. We suppose that this is mainly due to errors in the direct height measurements in the field: In some situations, the identification of the highest point of a tree could have been difficult due to a very dense canopy, meaning that a lower point was measured. In the length measurements, all outliers also showed a TLS-overestimated pattern. In these (few) cases, we assume that the tree individuals were treated differently in the two measurements: the object that was identified as the longest branch in TLS measurement was considered to be a second stem in the direct field measurement. Despite these potential sources of under-or overestimation in TLSderived total height and length of the longest branch, the agreement between the two approaches was generally very good, and the differences observed were mostly in the order of 25 cm or less.
The TLS stem diameter measurements have often been found to be underestimations compared to the direct measurements (Watt et al. 2003; Thies and Spieker 2004; Weiß 2009 ), but this was not confirmed in our study. The underestimation is due to the curvature of the stem surface, producing inaccurate distance and intensity measurements at the outer parts of the stem. However, this is much less relevant in multiple scan data than in single scan data. According to Pueschel et al. (2013) , the full coverage of a tree stem's circumference is crucial for the reliable determination of stem diameters. With the exceptions mentioned above, this was successfully achieved in our TLS data set. Another source of variation between the two approaches results from the non-circularity of the stem cross-section (Pueschel et al. 2013) . The deviation of the stem girth from a circle may generally be higher at ground height than at breast height. We, therefore, assume that much of the variation observed for the GD measurements is due to measurement procedure: in the field, only one diameter was determined with a caliper, whereas the maximum and minimum diameter was averaged in the TLS data set. In noncircular stem cross-sections this may result in over-or underestimations. As soon as possible, the DBH was, or will be, measured in the field inventory and accordingly in the TLS data. For two reasons in particular, we expect that the congruence between the two approaches will be even higher in the DBH than in the GD measurements: no occlusion from the ground layer vegetation and less deviation of the stem girth from a circle at breast height than at ground height.
The most notable differences were observed for the height determination of the longest branch. Here, we suggest that the 3D environment of the point clouds and the convenient navigation in Pointools allows for a more accurate identification of the longest branch than is possible in the field. Since this measurement is most sensitive to the identification procedure, it is conceivable that the level of congruence between the two approaches is lowest for this tree structural parameter (see H2).
Contrary to our third hypothesis, our results showed that the potential obstruction by other trees, employment of different inventory teams, as well as size and species identity of the focal tree contributed only slightly or not at all to the explanation of the variance between direct field and TLS measurements. Only tree height measurements varied due to the inventory team: in the field inventory, both team members were involved in the measurement procedure for trees >2.5 m height, enhancing the likelihood of measuring inaccuracies. A higher sum of GD of the neighboring trees can be due to a higher density and/or larger stem size. Stand density is in our plots can be regarded as relatively high for application of TLS (Watt and Donoghue 2005) . However, the low effect size (tree height) and non-significant influence (other three tree structural parameters), respectively, of the GD sum of neighboring trees implies that the scanning set-up scheme applied in our study was adequate to minimize the occlusion of focal trees. Furthermore, species identity was a significant predictor explaining the variance in height measurements, though with a small effect size. The saplings of the tree species of these subtropical broad-leaved forests differ considerably in growth rates and tree architecture (Geißler et al. 2012; Lang et al. 2012) . To determine the highest point of the tree crown in the field inventory might be easier in trees with a light and simple structure crown, such as S. saponaria. Finally, a small proportion of the variance in the GD measurements could be explained by focal tree height. In our study, trees of greater height were predominantly C. axillaris. Tree individuals of this species were often multi-stemmed, leading to noncircularity of the stem cross-section at ground height, which may explain the higher deviation of the two measurement approaches with increasing tree height. However, most of the variance between direct field and TLS measurements could not be explained by the factors considered in the GLM analyses, but might be due to the factors mentioned above (i.e., small dimension of some important tree constituents, occlusion by ground layer vegetation, wind-induced movements, identification procedure).
Due to the current lack of reliable automated approaches in tree segmentation and measurements, the data retrieval of the four tree parameters from TLS is more time-consuming than by direct field measurement in small trees (per tree about 12 min from TLS and about 5 min in the field). However, as soon as the trees grow larger, the non-destructive quantification of crown parameters becomes more time-consuming or even impossible with a high degree of accuracy. However, the TLS alternative not only saves time when conducting certain measurements in larger trees, but also provides several other benefits: it is a documentation tool with the full option for future analyses, including precise time series analyses; it allows the estimation of individual-tree wood volume, both for the whole tree and various constituents (stem and branches; Dassot et al. 2012) ; it enables the analysis of the 3D structural topology of trees as well as the 3D distribution of plant material (Seidel et al. 2011b) ; and it provides the basis for tree crown modeling which can be used to investigate light harvesting and tree-tree-interactions (Seidel et al. 2011c; Metz et al. 2013) . In recent years, several methods for reconstructing trees or parts of trees in 3D have been developed (Eysn et al. 2013) . Automatic methods for tree modeling include voxel-based and geometric models. These approaches are, however, sensitive to point cloud quality and varying point density, and therefore manual or semi-automatic processing is still an option to enhance the quality of results (Dassot et al. 2012; Eysn et al. 2013) .
We conclude that TLS enables a reliable determination of tree structural parameters in young trees under field conditions. The scanning set-up scheme used in this study produced point clouds of high quality, enabling us to detect all trees higher than 40 cm and to reduce occlusions (Fig. 2) . Furthermore, TLS data analyses proved to be more accurate in the identification of certain structural features than the direct field inventory and can help to reduce the measuring inaccuracies caused by the employment of several different inventory teams in the field. However, two factors may restrict the application of TLS to young regenerating stands: the structural complexity of these stands and the current lack of automated tools for data extraction. The regular weeding of the experimental plots was strongly beneficial to the accuracy of TLS measurements, and stands with an even higher tree density and/or herbaceous vegetation will require adjusted scan settings. In extreme cases, however, TLS will only be possible after canopy closure and self-thinning. In relatively small evergreen trees with dense crowns, the woody structures are largely occluded by leaves; however, tree growth with natural pruning of the lower branches will increase the visibility of structural elements of the crown when using ground-based TLS. Further research is needed to achieve more rapid point cloud data processing by the development of automated methods.
